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There is considerable interest in the physiological function of the opioids contained in the mossy fiber pathway. The release of opioids from mossy fibers shows a strong frequency dependence.
Long-term potentiation (LTP) at this synapse, an NMDA receptor-independent form of LTP, also depends on high-frequency synaptic activity, and this has led to speculation that endogenous opioids may be a critical factor in LTP induction. Previous reports using extracellular recordings have provided evidence for and against a role for opioids in mossy fiber LTP. Using single-cell recording techniques, we have tested the hypothesis that endogenous opioids are required for mossy fiber LTP induction.
We recorded from a defined population of synapses that had EPSCs with fast rise times, short latencies, and monophasic decays, consistent with a proximally terminating synapse. The opioid antagonist naloxone prevented mossy fiber LTP in the rat, but had no effect on the commissural/associational system, a nonopioid-containing pathway. The action of naloxone was not mediated through disinhibition because GABA, receptors were pharmacologically blocked in these experiments. We also tested the hypothesis that variations in postsynaptic receptor subtype distribution between species might explain previous controversies regarding the role of endogenous opioids. In contrast to the rat, LTP of the mossy fiber field potential in guinea pig was not blocked by naloxone. Our data suggest that opioids may be the presynaptically released, frequency-dependent, associative factor for mossy fiber LTP induction.
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Two major excitatory synaptic pathways of the hippocampal formation, the mossy fibers and the perforant path, contain a high density of opioid peptides (Gall et al., 1981; McGinty et al., 1983) and opioid receptors. (Crain et al., 1986; McLean et al., 1987; Mansour et al., 1995) . The physiological role of these peptides is not clear, but behavioral studies indicate that dynorphin acts as a reinforcer for operant conditioning when injected into the hippocampus (Stevens et al., 1991) . Initial attempts to define the cellular actions of opioids in the hippocampus using exogenous agonist application suggested that opioids were predominantly excitatatory, but that this was mediated through decreased activity of inhibitory interneurons (Zieglgansberger et al., 1979; Cohen et al., 1992) . Detecting the actions of endogenously released opioids is more difficult. One problem is that, as with many neuropcptidcs (Lundberg et al., 1981; Jan and Jan, 1982; Lundberg and Hokfelt, 1983 ) the release of opioids is frequency-dependent-at the mossy fiber synapse the peptide is released only by stimuli of 2 10 Hz (Wagner et al., 1990; Caudle et al., 1991) -and the frequencies are above those normally used in examining synaptic activity. This frequency-dependent release pattern has led to the suggestion that opioids play an important role in long-term potcntiation (LTP) induction (Jaffe and Johnston, 1990; Derrick et al., 1991) . Opioid receptor antagonists such as naloxone can indeed prevent Recei ved Jan. I I, 1996; revised March 11, 1996; accepted March 13, 1996. LTP induction in both the mossy fiber pathway (Martin, 1983; Ishihara et al., 1990; Williams and Johnston, 1992; Derrick and Martinez, 1994b ) and the lateral perforant path (Bramham et al., 1988; Xie and Lewis, 1991; Bramham, 1992) . These effects may be mediated through the p and 6 receptor subtypes. In contrast, two other groups have suggested that endogenous opioids, acting through K receptors, depress synaptic transmission (Weisskopf et al., 1993; Terman et al., 1994) . Furthermore, it has been suggested that naloxone does not prevent mossy fiber LTP induction (Weisskopf et al., 1993; Salin et al., 199.5) . Thus, despite extensive efforts by a number of groups, the exact role of opioid peptides in LTP induction remains controversial. One impediment has been disagreement concerning the methods used to isolate mossy fiber responses from the numerous other fiber systems in the CA3 region. The CA3 region is much more complex anatomically than other areas of the hippocampus, and interpretation of field potential recordings is problematic, making it difficult to interpret LTP studies (Claiborne et al., 1993) . Another question raised has been whether the well known differences in opioid receptor distribution observed between various species might contribute to differences in the actions of naloxone (McLean et al., 1987; Mansour et al., 1995) . We have attempted to address these issues by performing experiments using intracellular voltage-clamp recording. We isolated excitatory synaptic currents with rapid rise times, consistent for a proximally terminating synapse (Spruston et al., 1993) that were similar to those described previously for mossy fiber synapses (Johnston and Brown, 1983; Williams and Johnston, 1991; Jonas et al., 1993) . Using these well defined mossy fiber response characteristics, we have tested the actions of naloxone on NMDA receptorindependent LTP.
Some of these data have appeared in preliminary form (Williams and Johnston, 1992; Williams, 1994 The following drugs were used in this study: et al., 1993; Spruston et al., 1993) . The following criteria were used to identify monosynaptic mossy fiber responses: (1) short latency (4-6 msec depending on conduction distance); (2) lo-90% rise times of ~2.5 msec; (3) single exponential decay of the EPSC; and (4) responses exhibiting monotonic rising and decaying synaptic currents under voltage-clamp. These criteria are consistent with previous attempts to isolate pure monosynaptic mossy fiber inputs to CA3 (Williams and Johnston, 1991; Jonas et al., 1993; Xiang et al., 1994) . Recordings were made from 231 rat CA3 neurons with resting potentials more hyperpolarized than -50 mV. These cells had an average resting potential of -55 t 2 mV (mean !Z SEM), input resistance of 59.8 + 1.3 MR, and membrane time constant of 34.3 2 0.8 msec. Approximately 40% of cells had synaptic currents with rise times of 52.5 msec.
RESULTS

Tetanic stimulation
of the mossy fiber synaptic input to CA3 pyramidal neurons leads to a sustained potentiation of synaptic strength. This form of LTP does not depend on the activation of NMDA receptors, as is illustrated in Figure 1 . In this example, the cell showed marked potentiation of both the EPSP and EPSC after tetanic stimulation, despite the presence of 20 PM D-APV. Consistent with previous studies (Williams and Johnston, 1989; Jaffe and Johnston, 1990) , we found that, on average, mossy fiber synapses exhibit an -50% increase in EPSP or EPSC amplitude after tetanic stimulation (see Table 1 ).
To investigate the role of endogenous opioids in mossy fiber synaptic transmission, we incubated slices with 1 PM naloxone, an antagonist that is effective against all three opioid receptor subtypes. Naloxone had no effect on baseline synaptic transmission (0.2 Hz stimulation frequency) under voltage-or current-clamp, indicating that under these conditions there is no opioid component to the EPSP. There was also no change in resting membrane potential, input resistance, or membrane time constant. When we attempted to elicit LTP in the presence of naloxone, however, it was clear that the potentiation was blocked (Fig. 1R ). In the control group of cells, 15 min after the tetanus episode, there was a mean increase in EPSP amplitude of -50% (see Table 1 ). We observed a nearly identical change in the amplitude of the synaptic response measured under voltage-clamp. The probability of induction of LTP, defined as the proportion of cells exhibiting a ~20% increase in EPSP amplitude (Hopkins and Johnston, 1988) , was found to be 82% (14 of 17) under control conditions. In contrast, in cells that were tetanized in the presence of 1 PM naloxone, there was no significant change in EPSP or EPSC amplitude (Table 1 ). The probability of LTP induction was significantly less in naloxone-treated cells (31%; II = 4 of 13) compared with control (sign-test). With one exception, the amplitude of LTP observed in naloxone-treated cells that exceeded the 20% criterion was modest (mean 27%); this compared with 66% enhancement in control cells that exceeded the 20% criterion.
The time course of LTP induction can be appreciated by examining group data illustrated in Figure 2 . After a period of baseline recording, cells in the control group were subjected to a tetanic stimulation train. This led to a large, transient potentiation (post-tetanic potentiation, or PTP) lasting a few minutes, followed by a sustained enhancement that persisted for the duration of the recording. The naloxone-treated cells also showed a transient potentiation after the tetanus, but the enhancement decayed to baseline within 2 min, indicating that these cells lacked the sustained component of the potentiation.
In the naloxone group, there was negligible change in mean EPSP amplitude after tetanic stimulation for any time point beyond the PTP phase. However, in some cases (5 of 13) there was a significant drop in the EPSP amplitude after tetanus. This decrease was persistent and lasted for the remainder of the experiment. The decrease in EPSP was not accompanied by any changes in resting potential, input resistance, or membrane time constant. An example of two individual naloxone experiments is Time was normalized such that for each experiment, 0 represents the time at which high-frequency stimulation was delivered (denoted by an ur-row). Each point is a mean value and bars arc SEs. Data were collected continuously during the first IS min after tetanus and subsequently were sampled every S-10 min. Periodic dctcrminations of EPSCs and passive membrane properties were made throughout the experiment. Both groups wcrc clearly potcntiatcd for a brief period after high-frequency stimulation, but only the control group exhibited a sustained potentiation.
shown in Figure 3 . The cell illustrated in Figure 3A showed no significant increase or decrease after tetanic stimulation. In contrast, the cell seen in Figure 3B showed a marked and sustained depression of the EPSP after tetanic stimulation. Because this phenomenon is reminiscent of other forms of synaptic depression seen in the hippocampus and cerebellum, we have, for convenience sake, termed this process long-term depression (LTD).
We next examined the temporal specificity of naloxone. In the experiments described so far, naloxone was added before tetanic stimulation and thus may be preventing the induction of LTP. It is possible, however, that naloxone could be blocking the mainte-l Nal oxone Blocks Mossy Fiber LTP J. Neurosci., June 1, 1996, 76 (11) nance phase of LTP or antagonizing an opioidergic component of synaptic transmission apparent only after LTP. We have tested this possibility by inducing LTP and then adding 1 pM naloxone. We found that naloxone had no effect on already established LTP (Fig. 4) suggesting that its action is specific to the induction stage of LTP. Similar results were obtained in a total of four cells.
As another test of the specificity of naloxone action, we attempted to elicit LTP in the C/A input to CA3. Because these synapses do not contain opioid peptides, naloxone should not prevent LTP in this pathway. In Figure 5 , the C/A input to a CA3 neuron was tetanized in the presence of 1 PM naloxone, but in the absence of APV. LTP of both the EPSP and EPSC was observed.
Similar results were obtained in a total of four cells. The effects of naloxone were therefore specific to the opioid-containing inputs to CA3, the mossy fibers.
We have gone to considerable lengths to isolate responses that have the characteristics predicted for a monosynaptic mossy fiber input (Brown and Johnston, 1983; Jaffe and Johnston, 1990; an experiment in which naloxone was added after LTP was established. Points with error bars represent a mean value from data collected over a l-2 min period. Naloxone clearly did not occlude LTP that was already established. Williams and Johnston, 1991; Claiborne et al., 1993; Jonas et al., 1993) . During tetanic stimulation, however, it is likely that nonmossy fiber excitatory inputs will be activated and may influence the measured synaptic responses after the tetanic train, i.e., tetanus may recruit nonmossy fiber inputs (Miles and Wong, 1987) . It is therefore crucial to demonstrate that the synaptic responses that follow LTP induction also meet the same selection criteria as were used to identify mossy fiber inputs at the beginning of the recording. Figure 6 illustrates an example of this type of analysis. In the control cell, despite a large increase in amplitude of the EPSC, there was no change in the lo-90% rise time or in the decay time constant of the waveform. This can be more fully appreciated by examining the normalized traces in which EPSCs are scaled to the same amplitude. A similar result is illustrated for a cell from the naloxone group (Fig. 6, bottom) . Although the EPSC is actually smaller after tetanus than baseline, the kinetics of the response was clearly unchanged. Summary data are shown in Table 3 for all cells used in this study. Note that there was no significant change in kinetics of the EPSC for either group of cells after tetanus.
The legitimacy of our selection procedure for mossy fiber responses will obviously depend on the criteria used to distinguish mossy from nonmossy inputs. Our choice of the 2.5 msec cutoff for lo-90% rise time derives from comparisons of the kinetics of mossy fiber and C/A inputs to CA3 (Williams and Johnston, 1991) . Although responses with the most rapid rise times are likely to represent more proximal synapses, the choice of a risetime cutoff is arbitrary. Therefore, we examined the data to determine whether the conclusions were upheld with more selective rise-time criteria. In Table 2 , we show the effect of using increasingly faster rise-time limits on our LTP data. The conclusions are clearly unaltered by selection of synaptic inputs with more rapid rise times, suggesting that the measured responses are generated from a largely homogeneous group of synapses.
Our data are in reasonable accord with previous in vivo investigations of opioid actions on mossy fiber LTP in the rat (Derrick et al., 1991; Derrick and Martinez, 1994b ). Yet these data seem hard to reconcile with data from guinea pig hippocampal slices Note that in this experiment no APV was present.
psc ---I --4 - (Weisskopf et al., 1993) . It is, however, well established that the pharmacological profile of opioid receptors in the CA3 region shows marked species variations. We decided to test the hypothesis that these species differences might account for some of these conflicting data. The most striking finding from Weisskopf ct al. (1993) was that low-frequency mossy fiber synaptic transmission was depressed by dynorphin acting on K receptors. In view of the low density of K receptors in the rat, we examined whether dynorphin would alter mossy fiber synaptic transmission. We found that 0.5-l PM dynorphin A (1-17) had no effect on mossy fiber synaptic transmission, measuring either the EPSP or EPSC. To ensure that this lack of effect did not represent a failure to record from mossy fibers, we also tested the actions of dynorphin on a response that had exhibited NMDA receptor-independent LTP. In the example shown in Figure 7 , LTP was induced by our normal tetanus protocol and, after stabilization of the response at a new baseline level, dynorphin was bath-applied.
Clearly, however, there was again no effect.
Because previous studies in the guinea pig (Weisskopf et al., 1993; Salin et al., 1995) had used extracellular recording tech-BASELINE POST niques, we decided to directly compare rat and guinea pig slices under these conditions. For comparison purposes, we did not block GABAergic inhibition in these experiments. Once again we first induced LTP in the presence of APV to demonstrate that the measured field potentials were generated by mossy fiber synapses. An sample experiment is illustrated in Figure 8 . After induction of LTP and basclinc stabilization, we applied the selective K agonist U69-593. (We chose not to use dynorphin in casts in which inhibition was intact, because although this peptide is most active against K receptors, it can also produce disinhibition working through p receptors. Because these two cffccts would tend to counteract each other, we limited our observations to the more selective drugs.) Once again, we saw no effect in slices from rat (Fig. &I) . In contrast, however, we did set marked and consistent depressant effects in slices from guinea pig (Fig. 8B) . These actions were very slow to wash out, but could be rapidly reversed by application of naloxone or K-selective antagonist nBN1 (Fig.  SC) . Similar actions were seen in untetanized slices; i.e., no effect in rat, but a depression in guinea pig. Depression could also be observed in perforant path-evoked field potentials measured in shown at the bottom. In this case, the EPSC was depressed after tetanus, but again the kinetics were unchanged. and n~~loxonc data groups. The left column indicates the l o-90% rise-time limit (c.g., the bottom row shows cells with a rise time of < 1.0 mscc). Mean rise-time V~IUCS XC for all the ceils that pass the particular &-time criteria, and LTP pcrcentagc is the mcim incrcasc i n EPSP w~plitudc. Note thar data suhscts with vwy stringent rise-time critcri:l still support the conclusion that nz~loxonc blocks mossy fiber LTP induction. the molecular layer of the dentate gyrus in guinea pig but not in rat (data not shown).
Given that mossy fiber synaptic transmission in the guinea pig exhibited rather different responses to opioid receptor agonists than the rat, we decided to test whether LTP in the guinea pig was naloxone-sensitive.
In these experiments, 20 PM I,-APV was present during tetanic stimulation, but GABA receptor blockers were omitted. In the control group, we could elicit LTP in -50% of slices (14 of 29). Preincubation with 1 PM naloxone had no effect on the probability of LTP induction (8 of 14). The amount of LTP observed in the two groups was also very similar, and its time course is illustrated in Figure 9 . These data suggest that NMDA receptor-independent LTP does not depend on opioid receptor activation in the guinea pig.
DISCUSSION
Our data suggest that a frequency-dependent release of opioid peptides provides a necessary cofactor for LTP induction in the rat mossy fiber system. The use of voltage-clamp recordings has allowed us to define and characterize the kinetic characteristics of a population of proximally synapsing terminals, the responses of which were consistent with previous measurements of mossy fiber responses (Brown and Johnston, 1983; Williams and Johnston, 1991; Jonas et al., 1993) . Our experiments also suggest that the previously described differences in opioid receptor subtype distribution between species (based on immunocytochemistry, in situ hybridization, and radioligand binding) are mirrored in different physiological responses, both to applied agonists and in LTP sensitivity to naloxone.
The observation that guinea pig mossy fiber responses were depressed by K-selective agonists but rat were not is in reasonable accord with previous data suggesting that endogenous opioids in the rat mossy fiber and perforant path synapses facilitate LTP induction acting through k or 6 receptors (Bramham et al., 1988; Xie and Lewis, 1991; Bramham, 1992; Derrick et al., 1992; Derrick and Martinez, 1994a,b) , whereas endogenously released opioids in the guinea pig depress synaptic transmission through K receptors (Wagner et al., 1993; Weisskopf et al., 1993) sparse (Mansour et al., l995), whereas in guinea pig, K receptors are more prevalent. Our data and those of others (Caudle and Chavkin, 1990; Bramham, 1992; Derrick et al., 1992; Terman et al., 1994; Salin et al., 1995) support the idea that these receptor localization differences have important physiological consequences. However, although it has generally been found that opioid peptides have opposing actions in guinea pig (depressant) and rat (facilitatory), a few exceptions should be noted. Two studies have observed a block of mossy fiber LTP by naloxone in the guinea pig (Martin, 1983; Ishihara et al., 1990) , and a recent report failed to block mossy fiber LTP in the rat (Salin et al., 1995) . In the guinea pig studies, experiments were not performed in the presence of APV, and thus it is possible that LTP of NMDA-dependent synaptic inputs contributed to the measured responses. The experiments reported by Salin et al. (1995) , however, were performed in APV, indicating that an NMDAindependent form of LTP can be elicited in the presence of naloxone. The presence of APV, however, does not guarantee that the LTP elicited is solely generated by mossy fiber synapses (Bradler and Barrionuevo, 1990) . No raw traces were presented by Salin et al. (1995) , so it is difficult to compare their mossy fiber response with those of the current study. From previous work, however, mossy fiber responses can differ considerably among groups (Williams and Johnston, 1991; Jonas et al., 1993; Weisskopf et al., 1993; Derrick and Martinez, 1994b; Xiang et al., 1994) . This is most obvious when comparing response rise times and latencies, time course of LTP, and magnitude of LTP (Jaffe and Johnston, 1990; Zalutsky and Nicoll, 1990; Weisskopf et al., 1993; Derrick and Martinez, 1994b; Xiang et al., 1994) . This suggests the possibility that these different responses are generated by two distinct synaptic pathways, or that mossy fiber response characteristics are extremely sensitive to small differences in experimental technique. Because it is currently not possible to determine which responses most closely describe the physiological characteristics of the mossy fibers, we and others believe that the selection of cells with fast monophasic EPSC kinetics is most likely to best represent the proximally terminating, monosynapti- Figure 8. K opioids depress synaptic transmission in the guinea pig, but not in the rat. Mossy fiber field potentials were recorded in the stratum lucidum area of CA3 using paired-pulse stimulation protocol, and a baseline level of synaptic activity was measured (Base). To determine whether these field potentials were truly mossy fiber in origin, we elicited LTP in the presence of 20 PM D-APV (LTP), demonstrating that they were capable of showing NMDA-independent LTP. Application of U-69593 (U69593) at 2 PM clearly depressed the guinea pig (B) response but had no effect in the rat (A tally activated mossy fibers (Johnston and Brown, 1983; Jaffe and Johnston, 1990; Williams and Johnston, 1991; Jonas et al., 1993; Spruston et al., 1993; Xiang et al., 1994; Urban and Barrionuevo, 1995) .
A further consideration in dealing with the opioids is that these peptides are quite labile in the hippocampus. Large alterations in peptide precursor mRNA have been observed in response to LTP-generating stimulation patterns (Morris and Johnston, 1995) . It is therefore possible that environmental factors might influence the levels of endogenous opioids before the experiment.
In our intracellular recording experiments from the rat, we found that naloxone specifically blocked the induction phase but not the expression phase of LTP. Furthermore, a nonopioidcontaining input to CA3, the C/A input, had normal LTP in the presence of naloxone. The observation that the presence of naloxone during tetanic stimulation could, in some cases, lead to a persistent decrease in response amplitude, or LTD, is interesting. Previous experiments in which mossy fiber LTP was simply prevented, either by postsynaptic injection of bis(2-aminophenoxy)ethane-N,N,N',N'-tetra-acetic acid (Williams and Johnston, 1989) or postsynaptic hyperpolarization during tetanus (Jaffe and Johnston, 1990), we observed no increase or decrease in EPSP amplitude. LTD of the mossy fibers has been reported, however, after tetanization of the fimbrial input to CA3 in the absence of mossy fiber stimulation (Bradler and Barrionuevo, 1990) . These conditions are similar to those originally used to evoke LTD in dentate gyrus (Levy and Steward, 1979; Abraham and Goddard, 1983) . Recent data from area CA1 suggest that LTD occurs when moderate stimulus frequencies elicit a modest increase in intracellular calcium levels (Bear and Malenka, 1994) , conditions that have been termed anti-Hebbian (Lisman, 1989) . For the case of the mossy fibers, if endogenous opioids are an associative factor for LTP induction, naloxone treatment may bring about an equivalent condition at this synapse, that is, highfrequency stimulation causing a postsynaptic elevation of calcium in the absence of a required associative factor (opioid peptide).
LTP induction at the mossy fiber synapse is dependent on high-frequency stimulation; pairing postsynaptic depolarization with single-afferent volleys is not sufficient to induce LTP (Jaffe and Johnston, 1990) . Based partly on this observation, it has been proposed that mossy fiber synapses show a nonassociative form of LTP (Zalutsky and Nicoll, 1990 ). An alternate explanation, proposed by Jaffe and Johnston (1990) , is that release of endogenous opioids might provide an associative factor, thereby providing a link between presynaptic activity and postsynaptic depolarization; mossy fiber LTP would be a Hebbian form of plasticity, but with induction rules slightly modified from synapses expressing NMDA-dependent LTP. Our data and other recent findings (Derrick and Martinez, 1994a; Urban and Barrionuevo, lY95) are certainly consistent with this hypothesis. It should be noted that a few cells did exhibit modest LTP in the presence of naloxone, possibly indicating that opioid peptides may not be an nhsohrt~ requirement for mossy fiber LTP induction. Of course, our data do not rule out the possibility of other associative factors, and indeed experimental evidence suggests that norepinephrine (Hopkins and Johnston, 1984; Huang et al., lYY4; Weisskopf ct al., 1994) or glutamate acting through mctabotropic receptors (Bashil et al., 1993 ) might fulfill such a role. Ncverthclcss, given the unique release pattern of the opioids and the additional observation that p agonists can lower the cooperativity threshold fol mossy fiber LTP (Derrick and Martinez, 1994a) , the opioids remain the most likely candidate for a frequency-dependent associative factor under physiological conditions. It will be important to further elucidate the mechanism by which opioid peptides facilitate mossy fiber LTP induction. 
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